The growth of Brucella abortus, B. melitensis and B. suis in laboratory media was inhibited by several analogues of erythritol. The use of erythritol analogues in this manner was suggested by previous work on the localization of brucellas in brucellosis. The growth of B. abortus within bovine phagocytes was inhibited by analogues of erythritol under conditions in which streptomycin was ineffective. Although selected erythritol analogues did not eliminate brucellosis in guinea pigs, they produced a significant diminution in infection and showed no toxicity to the host.
INTRODUCTION
The treatment of human brucellosis with antibiotics and other drugs suffers from the disadvantage that large doses must be used and the relapse rate is high (Eisele, 1950; Spink, 1956; Stableforth, 1959) . Undoubtedly the tendency for relapse is due to the intracellular nature of this chronic disease, which results in latent infection at sites inaccessible to the drugs. Hence, therapy against brucellosis might benefit from a drug which could attack the intracellular organism even if this drug were not as active as other antibiotics against freely growing brucellas. The possibility that analogues of erythritol might have some inhibitory action on intra-as well as extracellular brucellas was suggested by a recent investigation into the cause of the localization of brucellas in susceptible tissues of susceptible animals (cattle, goats, sheep, swine). It was shown, first in cattle, that localization of Brucella abortus in infected pregnant animals was due to the presence, in foetal but not in adult tissues, of erythritol, a growth stimulant for B. abortus, which was concentrated in tissues (placenta, foetal fluids, chorion) most prone to heavy infection (Smith et al. 1961 (Smith et al. , 1962a ; Pearce et al. 1962; Williams, Keppie & Smith, 1962) . Later, similar observations were made relating to B. melitensis and B. suis infections in sheep, goats and pigs (Williams et al. 1963 ; Keppie, Williams, Witt & Smith, 1965) . On the other hand, no detectable erythritol was found in the placenta of humans, rats, rabbits or guinea pigs, which do not suffer intense placentitis in brucellosis (Keppie et al. 1965) . In relation to the present paper, the main points of previous work were: (i) the peculiar preference of brucellas for erythritol in the presence of glucose which has been further emphasized by recent work in a defined medium (Anderson & Smith, 1963; Anderson & Smith, 1965) ; (ii) that stimulation by erythritol of the growth of B. abortus occurred both in vivo and within phagocytes in a system where extracellular growth of the organism had been inhibited by streptomycin (Pearce et al. 1962) . These points, coupled with the relative insusceptibility of erythritol to metabolism by mammalian tissue (Batt, Dickens & Williamson, 1960) , suggested that suitable analogues of erythritol might act as antimetabolites and inhibit the growth of extra-and possibly intracellular brucellas, without being particularly toxic to the hosts, such as man, laboratory animals and non-pregnant ungulates. This paper describes the examinationof a few erythritol analogues to see whether any experimental support could be gained for these hypotheses.
METHODS
Erythritol analogues. 2-Deoxy-Z-fluoro-~~-erythritol and -threitol were synthesized by the methods of Taylor & Kent (1956) and Barnett & Kent (1963) . 2-Deoxy-DL-erythritol (( )-butane-l,2,4-triol) and ( f )-butane-l,%diol were obtained as described by Barnett & Kent (1963) , 1-deoxy-1-fluoro-DL-glycerol by the method of Gryskiewicz-Trochimowski (1947) and 6-deoxy-6-fluoro-~-ga~actose according to Taylor & Kent (1958) . 1,4-Dimesyl-~~-threitol, 1,4-dimesylerythritol, 1,6-dimesyl-~-mannito1 (Mannitol Myleran), 2,3-diacetyl-l,4-dibromo-l,4-dideoxy-DL-threitol, 2,3-dibenzoyl-l,4-dimesyl-~~-threitol, 1,2,3,4-tetramesyl-erythritol and 1,2,3,4-tetramesyl-~~-threitol were prepared by the methods of Brown & Timmis (1961) . 1,2-3,4-Dianhydro-~~-threitol (DL-butane diepoxide) was obtained by the method of Bose, Foster & Stephens (1959) , l,4-dibromo-l,4-dideoxy-~~-threitol, 1,4-dibromo-1,4-dideoxy-erythritol and 2,3-dibromo-2,3-dideoxy-~~-threitol by the method of Feit (1960) , 1,6-dibromo-1,6-dideoxy-~-mannitol by the method of Overend, Montgomery & Wiggins (1948) and 2,6-dimesyl-a-~-g~ucopyranose by the method of Mitra, Ball & Long (1962) .
1,4-Dibromo-l,4-dideoxy-2,3-dipalmitoyl-~~-threitol was prepared by Drs G. M. Timmis and S. S. Brown by the following method. Palmitoyl chloride (11 g.) was added dropwise, during 45 min., to a stirred solution of 1,4-dibrorno-l,4-dideoxy-DL-threitol(5 9.) dissolved in pyridine (100 ml.) and kept between 5" and 10'. When the addition was complete a substantial precipitate formed. The mixture was kept at 0' for 18 hr and then mixed with water (300 ml.) at 0". The product was collected, washed and dried in a desiccator to yield 13 g. of crude material. Recrystallization from an equal volume mixture of methanol and acetone (approx. 150 ml.) yielded log. of the pure material, m.p. 70-75" (Found: c, 59.8; H, 9.8; Br, 22.4. C&&&zO, requires C, 59.7; H, 9.5; Br, 22.1).
1,4-Dimesyl-~-threitol and 1,4-dimesyl-~-threitol was generously supplied by Dr F. W. Feit (Leo Pharmaceutical Products, Denmark) .
Inhibition of growth of Brucella abortus in tryptic meat broth. Sterile concentrated solutions of analogues (0.1 ml.; containing amounts equivalent to 100, 50, 25 and lO,ug./ml. in the final medium) were added to tryptic meat broth (5 ml.) containing 1-10 x lo6 Brucella abortuslml. These cultures, together with controls, were shaken at 37" in 5 % CO, in air for 24 hr and the concentrations of organisms determined photometrically (570 mp) at 16 and 24 hr. When an analogue inhibited growth, the lowest concentration of analogue which produced 50 yo inhibition as compared with the population of the control at 24 hr was noted. Any material, 100pg./ml. of which produced no inhibition at 24 hr, was scored as inactive.
Inhibition of growth of Brucella abortus in a defined medium containing glucose.
Sterile solutions of the inhibitors (1 ml., 5,umole/ml.) and the inoculated defined medium (4 ml. containing 2.5 x lo7 Brucella abortuslml.) were mixed in flasks (25 ml.) and shaken at 37" in 5 % CO, in air as described by Anderson & Smith (1965) . At various time intervals, the extinctions of the contents of duplicate flasks were compared as described by Anderson & Smith (1965) with those of similar control samples.
Inhibition of growth of Brucella abortus within bovine phagocytes. The test was that described by Pearce et al. (1962) for testing substances which affect the growth of Brucella abortus (strain 544) within bovine phagocytes. Sterile solutions of the analogues in Locke solution (0-5 ml. ; the concentrations were such that analogue a t 200, 100, 50, 25 and lO,ug./ml. was present in the final mixture at incubation) were the test materials (see Pearce et al. 1962 ; under the heading 'Addition of test material and incubation for 40 hr'). They were mixed with a suspension (1-3 ml.) of bovine white blood cells in which intracellular B. abortus (strain 544) would grow on incubation despite the fact that the suspending fluid was a mixture of fresh (bactericidal) bovine serum containing streptomycin (2,ug./ml.). After incubation for 40 hr, the growth of intracellular B. abortus was estimated as described by Pearce et al. (1962) . When the analogue inhibited growth, the lowest concentration of analogue which produced 50% inhibition as compared with growth in control samples was noted.
Action of analogues against Brucella abortus infection in the guinea pig.
Guinea pigs were infected with Brucella abortus (strain 544; 1 x lo4 organisms intramuscularly). After 7 days, the guinea pigs were treated daily with the test material injected subcutaneously and at intervals of 3, 6, 9 and 1 2 weeks groups of guinea pigs were withdrawn from the main batch, weighed, left 1 week without treatment, and then the number of organisms in their spleens estimated by the method described by Smith et al. (1962b) . Comparisons were made with the infections in control animals.
Inhibition of growth of Brucella melitensis and B. suis in a laboratory medium.
Various concentrations of 2-deoxy-2-fluoro-~~-erythritol and 1,4-dimesyl-~~-threitol were dissolved in a mixture of tryptic meat broth (1 ml.) and saline (2 ml.) in flasks (25 ml.). After inoculation (100 organisms/ml.) the flasks were shaken a t 37" for 27 hr. Viable counts (see Pearce et al. 1962) indicated the inhibition of growth as compared with control samples. The lowest concentration of analogue which produced 50 yo inhibition was recorded.
RESULTS

The action of erythritol analogues and related compounds on the growth of Brucella abortus in tryptic digest meat broth
The results in the first column of Table 1 show that certain fluoro-, mesyl-and bromo-derivatives of erythritol and threitol inhibited the growth of Brucella abortus in tryptic meat broth. The lack of activity shown by fluoro-, mesyl-and bromo-derivatives of other sugars and polyols indicated the specificity of the inhibitary effect. The high activity of 1,2-3,4-dianhydro-~~-threitol was not surprising in view of the known cytotoxic action of epoxides. Apart from this epoxide, the most active materials were the 1,4-dimesyl-threitols especially the L compound, ; at high concentrations the mesyl compounds and anhydro-threitol showed some toxicity, but at the concentrations used for growth inhibition no significant toxic effects were observed.
t No significant inhibition at lOO,ug./ml.
The action of erythritol analogues and related compounds on the growth of Brucella abortus within bovine phagocytes
The results in the second column of Table 1 show that the compounds which inhibited the growth of Brucella abortus in a laboratory medium also inhibited the growth of intracellular B. abortus. This means that, unlike the streptomycin which was present in the suspending fluid (see Methods), the inhibitory analogues penetrated into the bovine phagocytes. In the intracellular test, the relative activity of the different inhibitors was the same as their relative activity in the laboratory medium. At the concentrations tested, the compounds were without apparent deleterious effect upon the phagocytes. 
Inhibition of brucella growth 105
The action of erythritol analogues and related compounds on the growth of Brucella abortus in a dejined medium containing a n optimal amount of glucose The results in Table 2 show that in a defined medium a representative selection of analogues produced inibition of the growth of Brucella abortus comparable with that found in tryptic meat broth and in bovine phagocytes. Furthermore, the inhibitory effects of 2-deoxy-2-fluoro-~~-erythritol and 1,4-dimesyl-~~-threitol were annulled by mixing them with an equimolar quantity of erythritol. 
The eflect of erythritol analogues on Brucella abortus infections in guinea pigs
The results in Table 3 show that 2-deoxy-2-fluoro-~~-erythritol, 1,4-dimesyl-~~-threitol and 1,4-dibromo-l,4-dideoxy-~~-threitol had no dramatic effect on brucellosis in guinea pigs. However, 1,4-dimesyI-~~-threitol and 1,4-dibromo-1,4-dideoxy-DL-threitol produced a significant decrease (statistical analysis by our colleague Mr S. Peto) in infection and showed no evidence of toxicity for the host despite the prolonged administration. The epoxide, 1,2-3,4-dianhydro-~~-threitol, was too toxic for use as a therapeutic agent. The analogues shown in Table 3 would have been excreted rapidly, but attempts to produce an effective depot effect by using less-soluble analogues (2,3-dibenzoyl-1,4-dimesyl-~~-threitol, 2,3-diacetyl-1,4-dibromo-~~-threitol, 1,2,3,4-tetramesyl-~~-threitol, 1,2,3,4-tetramesyl erythritol, 1,4-dibromo-1,4-dideoxy-2,3-dipalmitoyl-~~-threitol) were without success.
The inhibitory effect of 2-deozy-2-~%oro-~~-erythritol and 1,4-dimesyl-~~-threitol on the growth of Brucella melitensis and B. suis in vitro
The growth in tryptic meat broth of three strains of Brucella melitensis (6015,1374, B 115) and two strains of B. suis (~~2 5 , 1330) was inhibited to the extent of 50 yo by 1,4-dimesyl-~~-threitol(50,&g./ml.) and 2-deoxy-2-fluoro-~~-erythrito~(100~g./m~.). 
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DISCUSSION
Although onIy relatively few erythritol analogues have been examined in this work, the results support the hypotheses stated in the introduction to this paper. Some erythritol analogues inhibit the growth of Brucella abortus : (1) in vitro in two media; (2) within bovine phagocytes in a test in which extracellular streptomycin has no bactericidal action intracellularly ; (3) in infected guinea pigs without being toxic to the host. It appears also that, like the stimulatory effect of erythritol, the inhibitory effect of erythritol analogues extends to growth of B. melitensis and B. suis. This work adds weight to the evidence of a specific relation between the carbohydrate metabolism of Brucella and erythritol. The inhibitory action of at least two of the analogues is reversed by addition of erythritol; the analogues inhibit growth, just as erythritol stimulates growth, in the presence of large and optimal amounts of glucose and usage of glucose by B. abortus is decreased by addition of erythritol or 2-deoxy-2-fluoro-~~-erythritol (Anderson & Smith, 1965) . The significance of these observations will only become clear when we know more about the metabolism of erythritol by B. abortzts.
Since relatively few analogues were available for examination, little can be said about the reasons for the relative activity of different analogues, e.g. the differences in activity between the l,4-and 2,3-dibromo-derivatives of DL-threitol, the fluoroderivatives of erythritol and DL-threitol and the D-and L-forms of 1,g-dimesylthreitol. Perhaps the superior activity of the threitol over erythritol compounds is due to the fact that threitol, liberated by spontaneous hydrolysis or after alkylation of enzymes, does not, in contrast to erythritol, stimulate the growth of Brucella abortus. Also, the molecular conformation of 2-deoxy-2-fluoro-DL-erythritol bears a very close resemblance to that of erythritol so as to make a competitive mechanism likely.
It was hoped that the dimesyl-and dibromo-derivatives might be capable of some degree of irreversible inhibition. 1,6-Dimesyl-~-mannitol appears to inhibit fructose diphosphate irreversibly, an effect which was speculatively attributed to the alkylating ability of this compound (Timmis, Weber & Singhal, 1963) , which perhaps suggests a stable bond between the drug and the enzyme. Although it is not suggested that this particular enzyme is concerned in the inhibition of Brucella described here, the fact that 1,4-dimesyl-~-threitol was more active than the D isomer indicates that the enzyme concerned has a type of specificity dependent upon optical isomerism of polyols, similar to fructose diphosphatase, which is not inhibited by 1,6-dimesyl-~-mannitol. Although some erythritol analogues will inhibit the intracellular growth of Brucella, no analogue so far examined is sufficiently active to be considered as a therapeutic agent. Nevertheless, sufficient work has been done to indicate that such an agent might emerge from further exploration along these lines. 
